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Abstract 
A comparison of attenuation effectiveness against gamma rays and thermal neutrons among aluminum A356, close-cell 
composite metal foams and open-cell Aluminum foam infiltrated with variety of second phase materials were investigated 
experimentally and theoretically in this study. Gamma rays attenuation measurements were carried out at photon energies of 
0.060, 1.173, and 1.332 MeV and thermal neutron transmission measurements were conducted at North Carolina State University 
using PLUSTAR Neutron Powder Diffraction Facility with a thermal neutron flux of about 0.5x105n/cm2/s at the specimen 
location. The results obtained revealed that close-cell composite metal foams offer better gamma rays and neutron attenuation 
capabilities compared to aluminum A356, whereas open-cell Al foam with fillers exhibit higher neutron attenuation effectiveness 
than close-cell composite metal foams but less gamma rays shielding property than that of aluminum A356. This study indicates 
the potential of utilizing the light-weight composite metal foams as shielding material replacing current heavy materials used for 
attenuation of gamma rays and thermal neutrons with additional advantages such as high energy absorption and excellent heat 
rejection capabilities. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
Metallic foams possess a number of positive attributes such as light weight, high strength, large surface area, 
excellent thermal properties, and energy absorption capability (Ashby et al. (2000)). These properties make metallic 
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foams a good candidate to be studied as a future radiation shielding material. As well known, high-Z materials are 
very effective for shielding gamma rays, and neutrons are better attenuated by hydrogenous or other low-Z materials. 
In this study, high-Z material are used in the structure of close-cell composite metal foams (CMFs) and low-Z 
material used as a filler inside the porous structure of open-cell Al foam and are investigated experimentally and 
theoretically for their shielding effectiveness against neutron and gamma rays. In gamma ray transmission 
measurements, total mass attenuation coefficients for both close-cell CMFs and open-cell Al foam with fillers were 
measured by using 13.5mCi 241Am and 3.0mCi 60Co sources. The dependency of transmission on sample thickness 
has been compared with tabulations based upon the results of XCOM code (version 3.1) from National Institute of 
Standards and Technology (NIST) (Berger and Hubbell (1999)). In neutron transmission measurement, the 
experiments were carried out at beam tube (BT) #4 of the North Carolina State University PULSTAR reactor, and 
simulations were performed with Monte Carlo N-Particle Transport Code version 5 (MCNP5) (Los Alamos National 
Laboratory (1986)) to validate the accuracies of the experimental results. 
2. Experimental Techniques and Sample Preparation 
Close-cell CMF samples were produced from steel hollow spheres either in a steel matrix (steel-steel CMF) or in 
an Al matrix (Al-steel CMF). The matrix material for steel-steel CMF is 316L stainless steel powder (North 
American Hoganas High Alloys LLC) with particle size sieved to -325 mesh (95%) and -200/+325 mesh (5%). For 
Al-steel CMF, the matrix material is Aluminium A356 casting alloy (TriAlCo, Inc). The hollow spheres are 
produced by a powder metallurgy process (Hollomet GmbH, Dresden, Germany) and three sizes of spheres with 
outer diameter of 2.2, 4.0, and 5.2mm spheres and respectively sphere wall thickness of 104, 196, and 244μm were 
used for manufacturing close-cell CMFs. Open-cell Al foam with approximately 5PPI (pores per linear in.) from Al 
6101-T6 alloys (ERG Aerospace Corporation) infiltrated with four types of filler materials of borated polyethylene 
(5 wt% boron, Shieldwerx), petroleum wax (IG Wax), water, and borated water (2 wt% boric acid). Total ten sets of 
samples were designed and tested against neutron, and six sets were tested for gamma shielding (marked as *): 
• Steel-steel composite metal foam (with either one of 2, 4*, or 6mm spheres) 
• Al-steel composite metal foam (with either one of 4* or 6mm spheres) 
• Aluminum alloy A356* 
• Open-cell Al foam + borated polyethylene*  
• Open-cell Al foam + paraffin wax*  
• Open-cell Al foam + water*  
• Open-cell Al foam + borated water 
Steel-steel CMF and Al-steel CMF were processed using powder metallurgy and gravity casting, respectively. 
More details of processing techniques can be found elsewhere (Chen et al. (2014)). Open-cell Al foam contained in 
an Al box and sealed after infiltrating the porosities. As the result, each sample with fillers consist of three material 
layers: top and bottom face sheets are made of Aluminum A356, and a composite middle layer is made from open-
cell Al foam infiltrated with an additional filler: borated polyethylene, petroleum wax, water, or borated water. All 
samples have been designed to have the same area for testing (rectangular area 50.8mm x 89.3mm), and sample 
thickness is varied to provide areal density of 2, 5 and 10g/cm2. 
2.1. Gamma Ray Measurements 
The gamma ray attenuation experiments were performed in vertical narrow beam transmission geometry; sample 
was placed at a distance of 256mm from the source, and 327mm from the detector. Each sample was measured 
under photon energies of 0.06, 1.173, and 1.332MeV, respectively. Both incident (I0) and transmitted (I) beam 
intensities were measured at a fixed count of 200,000, and each measurement was repeated three times. The average 
of the three measurements is reported here. Theoretical values of the mass attenuation coefficients were calculated 
by XCOM program which was developed by Berger and Hubbell (1999).  
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Gamma rays interact with matter through three major processes: photoelectric absorption (τ), Compton scattering 
(σ) and pair production (κ) (Knoll (2000)). The total probability of the interaction is equal to the sum of probabilities 
for each of these processes; and the attenuation of gamma radiation can be described by equation 
( )AmII ρμ−= exp0  (Knoll (2000)), where mμ  (cm2/g) is the mass attenuation coefficient, and Aρ  (g/cm2) is 
represented as sample areal density. 
2.2. Neutron Transmission Measurements 
Neutron transmission measurements were arranged at the Neutron Powder Diffractometer beam facility at North 
Carolina State University reactor with 0.64x105 n/cm2/s beam intensity at the guide aperture. The sample was placed 
at 36cm downstream from the neutron source and 22cm upstream from the detector. The background ( bΦ ) and 
transmitted ( tΦ ) neutron intensities were recorded in a 600s interval which was reasonable enough to obtain a 
statistical uncertainty in the range of 0.21% to 0.62%; the neutron transmission was calculated using 
( ) ( )bbtT Φ−ΦΦ−Φ= 0/  after acquiring the corresponding open beam ( oΦ ) at a constant time of 10s. Theoretical 
values of the neutron transmission were calculated by MCNP5 developed at the Los Alamos National Laboratory 
(1986). 
3. Results and Discussion 
3.1. Gamma Ray Attenuation 
Transmission as a function of areal density in six sets of samples under 60Co (1.332MeV) and 241Am (0.060MeV) 
sources are shown in Fig. 1 and is seen to decrease with increasing of areal density. It displays similar tendency 
under source 60Co (1.173MeV). It can be clearly seen in Fig. 1(a) that transmission curves of close-cell CMFs and 
open-cell Al foam with fillers are closely overlapping, this can be attributed to Compton scattering (σ) which is the 
predominant interaction mechanism for medium energy gamma rays (0.5MeV to 10MeV), σ is relatively 
independent of both incident photon energy and effective atomic number (Zeff) of the attenuator, but it is strongly 
proportional to the electron density in the absorber (Jevremovic (2009)), all elements contain approximately the 
same number of electrons per unit mass. Therefore, all samples exhibit close attenuation at a given areal density. 
 
Figure 1: Gamma ray transmission as a function of areal density at (a) 60Co and (b) 241Am sources 
 
Figure 2: Comparison of experimental and theoretical mass attenuation coefficients. 
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Conversely, at photon energy of 0.060MeV, Fig. 1(b), a clear difference between close-cell CMFs and open-cell 
Al foam with fillers for attenuating gamma rays can be seen. Al-steel CMF and steel-steel CMF exhibit a more 
significant shielding effect to 241Am source: Al-steel CMF stopped 80% whereas steel-steel CMF shielded 90% of 
the incident photon flux at areal density of 2g/cm2. At the areal density of 10g/cm2, the incident photon flux was 
completely attenuated by both materials. This result may be attributable to photoelectric absorption (τ), which is a 
key photon interaction mechanism at relative low energy (less than 0.5MeV) (Lowenthal and Airey (2001)). This 
mechanism is strongly influenced by Zeff of the absorber material with higher Zeff of the material having greater 
probability of photoelectric interaction to occur, and the probability is given approximately by the relation ∝τ
Zeff5/E7/2 (E is gamma-ray source energy) (Jevremovic (2009)). Accordingly, at a constant low energy 0.060MeV, the 
photoelectric absorption varies proportional to Zeff5, hence the increase of the Zeff will lead to a sharp increase of 
photon interaction with electron. This severe dependence of the photoelectric absorption probability on Zeff is a 
primary reason for the preponderance of close-cell CMFs in 241Am shields. 
Theoretical mass attenuation coefficients were determined using XCOM code with photon energy ranging from 
0.01MeV to 10MeV. The weight fraction (wt. %) of each element in each material was used as an input. The 
comparison of measured mass attenuation coefficients with theoretical values are plotted as a function of photon 
energy in Fig. 2. It is clearly seen that the experimental values fall onto the theoretical curve computed by XCOM 
code and show a good agreement within the experimental outliner, the discrepancy between experimental and 
theoretical values for thicker steel-steel CMF is as a result of an early termination of the experiment due to the 
complete attenuation for 241Am. Steel-steel CMF shows maximum value for mass attenuation coefficient among all 
samples. The mass attenuation coefficients of steel-steel CMF and Al-steel CMF under 241Am source are measured 
respectively 400% and 300% higher than that of Aluminum A356. This may be attributed to the fact that close-cell 
CMFs contain large amounts of relatively high atomic number constituent elements 26Fe, 24Cr, and 13Al, for which 
dominance of photoelectric effect is more and hence energy attenuation is stronger, whereas open-cell Al foam with 
fillers contains large amounts of low atomic number constituent elements 8O, 6C, and 1H, and hence lower energy 
attenuation. More detailed results can be found elsewhere (Chen et al. (2014)). 
3.2. Neutron Attenuation 
An indication of the neutron shielding effect of all samples can be seen in Fig.3, open-cell Al foam with fillers 
clearly dominate closed-cell CMFs in terms of neutron flux reduction, this is attributable to their higher hydrogen 
contents, therefore, with increasing hydrogen content in open-cell Al foam with wax, PE and water, an improved 
shielding effectiveness can be observed. The addition of boron does not offer much of an advantage against neutron 
radiation which can be seen in Fig. 3(b) that borated water exhibits similar shielding efficiency to that of water. 
Steel-steel CMFs perform better in terms of attenuation of neutron compared to that of Al-steel CMFs, resulting 
from large amounts of relatively high atomic number constituent elements. It should be noted that transmission 
curves of steel-steel CMFs with different sphere sizes are closely overlapping, this is due to the fact that the spheres 
and matrix are made of similar materials (Neville and Rabiei (2008)), 2, 4 and 6mm spheres have the similar sphere 
wall thickness (t) over sphere outer radius (R) ratio (Table 1).  
 
 
Figure 3: Neutron transmission as a function of sample thickness. 
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            Table 1: Comparison of variety of spheres used in CMFs (mm) 
Sphere size Sphere outer radius (R) Sphere wall thickness (t) t/R 
2 0.102 0.0104 0.1022 
4 0.176 0.0196 0.1111 
6 0.259 0.0244 0.0943 
It is clear that the air inside hollow sphere causes a decrease in attenuation whereas sphere wall causes an 
increase, these two effect balance out with each other under same t/R ratio, thus, attenuation efficiency of steel- steel 
CMF are unaffected by changes in sphere sizes. Unlike steel-steel CMFs, Al-steel CMFs are made of dissimilar 
materials, resulting in the formation of intermetallic phases during solidification process (Neville and Rabiei 
(2008)). As shown in Fig 4, three major precipitates were formed due to interdiffusion of elements between spheres 
and matrix: interface layer around sphere wall, plate shape and needle shape precipitation distributed in the matrix 
(Neville and Rabiei (2008)). These intermetallic phases contain high-Z elements (mainly iron) diffused from the 
spheres into the aluminium and lead to a prominent effect on attenuation neutrons, smaller sphere will lead to a 
larger content of intermetallic phases, and therefore, 4mm Al-steel CMF clearly dominates 6mm Al-steel CMF in 
terms of neutron attenuation. 
 
 
Figure 4: SEM image of 4mm Al-steel CMF showing intermetallic phases. 
Figure 5: Comparison of experimental and theoretical transmission curves. 
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Neutron attenuation simulations were performed using Monte Carlo code MCNP5 which uses the best known 
nuclear data libraries and is validated in worldwide radiation shielding and nuclear facility installations. Close-cell 
CMFs sphere’s arrangement were modeled through three crystal structures: simple cubic (SC), body centered cubic 
(BCC) and face centered cubic (FCC), with packing factor of 0.52, 0.68, and 0.74, respectively. Close-cell CMFs is 
reported to have a packing density of 0.59 (Neville and Rabiei (2008)), and it can be clearly seen from Fig 5(a) and 
5(b) that experimental values fall in between the SC and BCC theoretical curves and show a good agreement with 
the prediction. For the accurate modeling of neutron transmission in open-cell Al foam with fillers, it is of crucial 
importance to construct a realistic and precise geometry of pore structures. In this study, a tetrahedral unit (Marchi 
and Mortensen (2001)) was used to predict the foam microstructure. The struts are interconnected in the nodes, 
forming both cells and pores. Fig 5(c) shows the comparison of simulated neutron transmission curves with 
experimental data for wax, it is clearly showing a good agreement between experimental and theoretical results. 
4. Conclusions 
An optimal shielding material can be produced by forming the most effective shielding components into a 
multilayer material to achieve its outstanding nuclear, physical and chemical properties. Gamma ray is very 
effectively attenuated by close-cell CMFs and thermal neutrons are virtually eliminated by open-cell foams filled 
with second phase. All these results highly encouraged us to investigate the effectiveness of multilayers combined of 
close-cell CMFs with open-cell foams filled with second phase to achieve high shielding effectiveness against both 
neutron and gamma ray for further studies. 
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